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Raman Spectroscopic Study of Molecular Orientation in Vitreous 8203

Filmi

Charles F. Windisch and William M. Risen, Jr.
Department of Chemistry

Brown University
Providence, Rhode Island 02912

Abstract

Preferred orientation of a molecular unit in vitreous 8203
films prepared under tensile stress is demonstrated by laser
Raman spectroscopy. The polarized Raman scattering is reported
and found to be strongly dependent on sample orientation and polari-
zation of the incident and scattered light. The ratios of scatter-
ing intensities in the various scattering arrangements for films
are substantially different from those for bulk 3203(91). Calculated
Raman intensity ratios based upon the proposed oriented boroxol ring ;
structure compare well with the experimental values. These results
demcenstrate the tendency of a molecular unit with the properties of

a boroxol ring to become preferentially oriented in response to an

applied stress, and provide evidence for the existence of boroxol

rings in 8203(91).




Introduction

It has been proposed widely that vitreous 8203 is composed
principally of interconnected boroxol (8303) rings (1-10). The
postulated boroxol structure, shown in Fig. 1, is planar and has
D3h point group symmetry. The planarity of the boroxol ring
structure distinguishes it from other possible clusters, or ways of
Jonnecting, BOj—triangles, and serves to allow the BO3-trianqlos,
whose presence is consistent with llB-NMR findings (9), to exist in
an intermediate range pseudomolecular unit.

The vibrational spectra of 18O-isotopically labelled 8203(g1),
821603(91), and mixed isctope 8203(gl) support the postulate that
boroxcl rings constitute a dominant structural feature of 8203(91)
(11). From that study it is also clear that the main Raman-active

band of 8203(91) assigned to the boroxol ring, observed at 808 cm-1

in 521603(gl), is not strongly coupled to the interconnecting network.
This band is strong and relatively narrow, and in bulk samples it
is highly polarized.

There have been alternative proposals for the structure which
do not involve the boroxol ring, or, indeed,\any intermediate range
order. Thus, Elliott concluded that the observed X-ray diffraction
radial distribution function can be computed at least as weli by
assuming a continuous random network (CRN) of planar BO3—units (12).
Galeener, Lucovsky and Mikkelsen (10), in reporting their vibrational
spectra, also have pointed out the inconsistency of conflicting
interpretations of the X-ray data, and examined the feasibility of
interpreting the spectra on the basis of the CRN model. Moreover,

soules and Varshneya (26) reported that their molecular dynamic

calculations on B,0, do not indicate boroxol ring formation if no




2
directional bonding is included in the potential function.

I1f the boroxol ring structure does exist in vitreous 5203 and in
the melt (or at least the material in the transformation range), it
1s a unit which should respond to an applied mechanical stress in
a predictable manner.

When material is subjected to an applied stress, the structure
will tend to respond by relaxing to a structure, or set of orienta-
tions of the components, which has a lower potential energy in the
new stress field than the original structure. The kinetics of the
relaxation process depends, of course, on the physical state of
the material. Further, a response which involves rearrangement
of intermediate range units will be faster in the liquid than the
solid. Thus, if the stress is applied to a glass-forming fluid
in the transformation range, the response that is effected can be
guenched into the glass.

Since the spectral evidence for boroxol rings in 8203(91) has
also been observed for the melt at temperatures of 1000°c and higher

(13), it is reasonable to postulate that such a unit is present in

8203 in the transformation region as well. 1If it is the type of
structure suggested, it should respond to stresses applied to the
melt, and the stress-induced arrangement should be gquenched in the
glass. A thin film of vitreous 8203, prepared by careful expansion
of a bubble of the 8203

that due to the pressure difference between the inside and outside

melt, is formed under stress - the stress is

of the bubble. This stress should induce the planar boroxol rings,
if they are present, to become preferentially ordered parallel to
the plane of the film,

Although it may be intuitively obvious that this would be the




expected response of a planar unit, it can be seen more clearly

by consideriny a thin-walled spherical shell with a positive
internal pressure, P;- The shell will exhibit a stress distribution
characterized by g and Y the stress components in the radial and
tangential directions. It can be shown (14), that o, = pi/2 and

cT = pir/Zt, where t is the thickness of the shell and r is the

spherical radius. For r >> t, T >> 9.+ SO the principal stresses
in the spherical film are directed tangentially, i.e. along the
surface of the sphere. This situation is analogous to that of a thin
£ilm with a force field applied to the film edges directed outward

but within the film plane.

Since the material, and specifically its distribution of molecular
orientations, 1s no longer at equilibrium once the force is applied,
the effect of such forces will be to rotate molecular units to
positions of lower potential energy. If a boroxol ring is a flat
unit hccked to neighboring units via three extraannular bonds,
anplication of such outward-directed planar forces should cause the
ring to rotate around its center and become closer to parallel to
the <Z1lm plane.

Determinaticn of molecular orientation in polymeric materials
has been attempted with a variety of techniques, some of which were
reviewed by Wilkes (15). The application of polarized Raman scattering
to this problem, particularly in determining orientation of molecular
chains in fibers, has received attention as well (16-20). Miller,
Exarhos and Risen (16) first employed this technique to demonstrate
molecular orientation in a completely amorphous system by showing

that (PO3)n-n chains are preferentially oriented with the axis of




(NaPuj)x(gl) fibers drawn from the melt.

The orientational propertiecs of solids manifest themselves
in the Raman spectra through the anisotropy ot the polarization
dependence of Raman-scattered light. Materials whose molecular units
are randomly oriented exhibit Raman spectra whose band intensities
can be calculated bv averaqing the polarizabilities over all

orientations. These intensities, then, are functions of two quantities

{(21), the mean value a and the anisotropy, ,, of the derived molecular
polarizability elements toq’ where ‘pq = (aza/aqu)o, and
- L , \
@ =3 by * vy v, (1)
S R ~ 2 N _ J . 2 2 2 2
= Filay Jyy) * (lyy R S 6(o‘xy Tyt @ x!] (2)

These two quantities, a and Y, are invariant under any transformation
of the macroscopic coordinates of the material. That is, their values,
ind hence the scattering intensities, are independent of how a bulk
sample is oriented in the scattering experiment.

This 15 not the case if complete or partial molecular ordering
occurs in the sample. 1In such cases at least one unique axis exists.
This results in Raman band intensities which depend explicitly on
the ceometry of the experiment, specifically on the position of the
unique axis or axes in reference to the space (laboratory) coordinates
ot the experiment.

The prominent 808—cm_l band in the Raman spectrum of 3203(91)
has been snown to be unusual for a glassy system in its uncoupled

vibrational character. Assigned to an Ai ring-breathing mode of the




boroxol ring, it 1s strong, relatively sharp, and highly polarized.
Thus, it provides an ideal feature for monitoring molecular orien-
taticn as a function of film orientation. Any dependence of the
808-cm_l band's intensity and polarization on spatial orientation

of a 8203 film different from that of this band in the spectra of
bulk samples will indicate that molecular (boroxol) orientation in
the film is other than random. Moreover, the boroxol model requires
a particular orientation~dependence of the Raman intensities, so
compariscn of experimental and calculated intensities of the Ai mode
of the 808-~cm—1 band will provide evidence for or against its
occurrence 1in 8203 glass.

Thus, 1if the boroxol rings exist in vitreous 3203 and attain
preferential orientation in the film formation process, the intensities
and polarization of those Raman bands assigned to boroxol ring
vibrations should depend strongly on the orientation of the film in
the laboratory coordinate system. Obversely, this dependence supports
the existence of crientable flat structures - boroxol rings.

In this paper the polarization dependence of the Raman spectra
of Bzoa(gl) films with oriented boroxol rings is calculated as a

function of scattering geometry, and the results of the Raman experi-

ments on such films are reported.




Theorx

In crder to compute the way the intensity of the 808-cm_l

borcxol ring vibration in molecularly oriented films should vary with
sample orientation and incident light polarization, it is necessary
to consider the derived polariczability in laboratory coordinates.

To do that it is useful first to define the coordinate systen.

Geometric Considerations

To specify the results of these experiments completely., three
coordinate axes are defined. These are the molecular coordinates
(x,Y.2), the sample (or film) cocordinates (X,Y,2), and the space
(laboratory) coordinates (X,Y,Z) of the Raman experiment. The
molecular coordinates are those of the boroxeol ring with z taken
as the C3 axis perpendicular to the plane of the ring, so x and y
lie 1n this plane. The sample (film) coordinates are defined for
the macroscopic shape with Z taken as that perpendicular to the plane
»f +he film. The coordinates ¥ and Y are equivalent and lie in
~he plane ¢i the film.

Assuming that the result of the film preparation is that the
boroxol rings exist and all are parallel to the plane of the film,
there 1s a unijue relationship between the molecular and sample
coordinates as shown in Fig. 2. Here z is parallel to Z, and x and
y vary arbitrarily in the XY plane. This relationship, with the
z and Z axes being unique, corresponds to Case I of Snyder (20), who
calculated polarizabilities for a number of types of partially
oriented systems.

The space (laboratory) coordinates are defined by the experimental
lFaman scattering geometry. As shown in Fig. 3, X is defined as the

direction of propaygation of the incident beam, and 72 as that of the




scattered (collected) beam. The directions of polarization (electric
field wvectcr E) of incident and scattered radiation are defined in
ternis of the spatial coordinates. {C(ommonly light polarized with

L in the plane Jdefined by the optical path 1s taken as V, and that
normal to 1t as H. Thus, polarization in the XZ plane is denoted

VvV and that in direction Y as H.

This notation 1s sufficient for describing experiments on the
amorpnous bulk glass. For tilms, where orientational effects are
seer., the sample orientation must be specified as well. An infinite
~umber of film c¢rientations 1is possible. To specify any one of
then. in terms of the space (laboratory) ccordinates, it is convenient
+0 use the Luler angles and coordinate transformation, which depends
>n the angles «, @, and ¢. Specification of two of these, 6 and ¢,
is sufficient to define completely the film's (or molecule's) orienta-
+lon with respect to the space coordinates, while the third, ¥,
specifies the molecule's angular variation within the film plane and
‘s arbitrary. The coordinates and transtformation matrix given by
Macaulay (22) were used in these calculations, but the calculations
also were done in the two other Euler systems described 1in references
(23) and (24).

Since there are so many possible film orientations, the experiments
and colculations were carried cut using particular sots of orientations,
or "tilts", cf which three are shown in Figs. 4a, 4b and d4c. In

cuch of these z is confined to a particular plane defined by the

space c¢nordinates as follows. By definition: T_.1lt 1 is that in

@] o]

whroit 2 is confined to the X7 plane (¢ = 07), and ¢ varies from 0

to yﬂo; Tilt 2 i1s that in which z is confined to the XY plane (f = 900),




. O o . . . . .
and ¢ varies from 07 to ©907; and, Tilt 3 is that in which z is
~ ey - | - v f . - (6] . - 5 - o - O
contined to the v” plane @ = 907), and v varies from 0~ to 907,
Thus, a complete specificaticon of the following experiments on a
“ilr is given by defining the rolarization directions in terms of
it and VvV, ard indicating the type and amcunt of film tilt in terms
of - and ..

Nerivation of Raman Scattering Intensities

The problem ¢f calculating Raman 1ntensities for the various
possible scatterin. cveometries reduces to a determination of the

varicus the components of the derived polarizability tensor in

PQ’
the laboratory coordinatces, in terme of the derived molecular polariza-
bi1lity elements g The intensity of Raman scattered light polarized
in a particular direction 1s directly proportional to the square of

the relevant g
For a bulk material with randomly oriented scattering centers,

+he polarizability components can be obtained by averaging the

wolecular polarizability components over all orientations cof the

nmolecule. The intensity results can then be expressed in terms of
the 1 and Y, given in Egns 1 and 2. Further, it 1s known that tor
that case:
TTTT - TTT =TT o= i oqas3)? v avd) (3)
() {2 ) (a” ) 15
XX vy zz
and
1 2
= = 2 = —
(2T (el () T 15 Y (4)
Xy yz o X

FOran Ai nmode of a boroxu! ring, of D3h symmetry, qu 1s given by

(25):




{ a 0 o0
2 =4y ¢ a4 0 (5)
2pq \
0 0 b
where a = « = , b= v , and . , , and a are zero. Thus,
XX vy 22 xy' Xz Yz
% and \‘ take the forms « = (2a + b)/3 and \2 = {(a - b)z. In the

timit ot a >> b, the Runan intensities relative to that for the HH }
mode were calculated usino tgyns 3 and 4 and are given in Table I

alona with the experimental results for bulk 8203(91). ‘

To arrive at intensities for the films which can be compared to
the experimental results, appropriate account of the spatial relation-
ships must be taken. The tensor gpq is related to 2p0 by V
Spg © T iqu' (6)

where T is the transformation matrix (22) relating the laboratory
cocrdirates P,7N, to the molecular coordinates, p,qg; and T' is its

transpose. Using ﬁpq given in Egn 5 with T yields for Egqn 6:

2po T 'vx vy Yvz (7)

the square 3 ¢f whose elements are given in Appendix 1.

,
- The terms g taxt tyy ! azy give rise to the HV, VV, HH, and VH
intensitiecs respectively, and are the only components of interest
: here. Caiculated squares of these components for the various film
‘ orientations are¢ given in Appendix II, and in Tables II, I11 and IV
) the relevant values are given along with the experimental results
]

« for the intensities normalized to that of the HH component. All
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calculated values assume tihat the angle of incidence of the light
with the film is the same as that with well oriented boroxol rings.
This assumption is discussed below.

AL most only two of these intensities are predicted to be non-
zere ror any orientaticen. The calculated non-zero ratios for the
variodas tilts are, for a >>» b; VW/HH for Tilt 1, HV/HH for Ti1lt 2,
and VH/HH for Tilt 3, and are presented in Fig. % as a function of
the sample tilt angle (9 for Tilts 1 and 3, ¢ for Tilt 2).

It is useful to note several of the assumptions that have been

made in relating « to « One 1s that the boroxol rings are

—Pq ~PQ’
aligned with the film, so that z is parallel to Z. 1f this is true
of all buroxol rings, the transformation holds for all of them, and,
in the absence of other effects, the experimental results wculd be
exactly as predicted by Egn 7. Similarly 1if there is preferential
but not complete alignment, the experimental results should follow
the trends in intensity predicted by Eqn 7.

The other assumption is that the angle of incidence of the light
(Raman source) with the film 1s the same as that with an exactly
aligned boroxol ring. Since the refractive index of Lulk 8203(91)
1s about 1.44, this holds rigorously only for rings at the surface.
Refraction has «n effect on some of the measurements at incidence
different from 0 or 900, and on some in which the scattered light
is refracted. These effects involve both the identity of the relevant

elements in and on the optical angles and are discussed later.

in

N Oy RSN
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Experimental

Glass Preparation

The B,0, ylasses were nade by first heating H_BO, (reagent

3 3773

grade) in a Pt crucible at 1000°C in an electric furnace for one
hour. The melt was then quenched to form a glass according to the
following procedures.

Bulk samples of the B O3 glass were made by pouring the melt

2
into a cylindrical stainless steel mold under a stream of dry N2 at
roocm temperature. Vitreous 8203 films of 10~20 um in thickness
were made by first allowing the melt to cool enough to become somewhat
viscous. Then a hollow pyrex tube was dipped into the melt to
coat one end with molten 8203. A carefully controlled burst of N2
was then passed through the tube so as to form a bubble slowly.
While the bubble was expanding but nearly full-blown, it was pressed
lightly against a stainless steel block so that a flat section of
film was obtained. It was possible to obtain reproducible 8203 bubbles
with walls nearly as thin as permitted by the surface tension of the
melt 3ust above TC. For some experiments films as thick as 50-100 um
were prepared.

This effort was spent making thin films to assure that the maximum
degree of in-plane stress obtainable by surface-tensile-limited film
formation was introduced. T7This was done to obtain the highest

practical state of alignment of putative boroxol rings in 8203(91).

Sample Handling and Raman Spectra

Because of the hygroscopic nature of 8203(91), care was taken
to exclude water while handling and measuring the samples. After

making some series of measurements in a dry N2-f1ushed sample holder

[RIPPPSSINES




and some within the spectrometer while the sample itself was flushed

witih N the following procedure was found to be sufficient to avoid

X
hydrolysis. The sample was surrounded with N2 during preparation

and transportation to the spectrometer. The films were mounted

and studied while under a stream of dry Nz. Each set of spectra was
taken within 'S5 minutes of sample preparation. After each set of
spectra was mcasured, the 800-950 cm_l region was measured to detect
any scattering at 880—cm—l due to boric acid formation at the surface,
and rejected if any intensity at that frequency was found.

After each sample was mounted, the 700-900 cm°1 region of the
Ramar. spectrum was taken at the four possible combinations of incident
and scattering polarization, i;g. HH, HV, VH, VV. These were
achieved by appropriate adjustment of the polarization rotator and
analyzer. Immediately after taking the spectra in these modes, each
was repeated in turn to confirm reproducibility, and the 880—cm_l
regior was scanned to confirm the absence of Raman-detectable
hydrolysis.

To obtain a spectrum of the bulk glass, the cylindrical sample
was cleaved in half and positioned as shown 1n Fig. 6a with the laser
beam impinging on the top surface about 1 mm from the cloven edge,
and radiation scattered at 90° was collected from this face.

raman spectra of the BZOB(gl) films were obtained by mounting
them at the appropriate orientations and collecting the light scattered
at 90° to the incident beam. Due to the thinness of the films,
there were different sample mounting requirements and problems for

each orientation. The spectra at Tilt 1 (¢ = 0°) were obtained using
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the sample mount shown in Fig. 6b. The vitreous film was mounted
over a hole drilled through a blackened metal plate. The use of the
plate allowed for more accurate control of €., Spectra were taken
for & =~ 0, 30, 45, 60, and 90°. The spectra in Tilts 2 and 3 were
obtained by tilting the film in the beam to the desired alignment.
Since the mounting arrangement used in Tilt 1 measurements was not
applicable to these orientations, these angles could be measured
only with lower accuracy. At least three determinations were made
for each angle for these cases, at the angles of ¢ =~ 0, 45, and 90°
for Tilt 2 (& = 90%), and ® = 0, 45, and 90° for Tilt 3 (¢ = 90°),
but the uncertainty in the average angular values could be as high
as s°,
As appropriate, samples were partially masked to eliminate
extraneous scattering from the edges of the film, as shown in Fig. 3.
In some measurements of Tilt 2, thicker tilms (50-100 um) were used,
since for ¢ = 90° and 0 < v < 90° it is difficult to get the source
into the edge of a 10-20 um film without reflecting some of the light
from the face. Wittt 50 im [ilms the focused laser beam passes through
the edqge of the film.

Raman spectra of the vitreous 8203 samples were taken on a Jarrell-
Ash ¢5-300 laser Kaman spectrometer using the 514.5 nm line for
excitation. The spectral resolution was ca. 5 cm°1 and the laser
power employed was ca. 750 my. The optical arrangement in the vicinity
of the sample is shown in Fig. 3. Scattered light was optically scrambled
after polarization analysis and before passing the entrance slit of

the monochrometer. Depolarization ratios of the standard CCl4 were

adequately reproduced with this spectrometer.
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Results

The observed intensities of the 808-cm-l Raman band of bulk
vitreous B203 for the various polarization combinations are given
relative to the intensity of the HH component in Table I. The
observed intensities of this band for film samples for Tilts 1, 2
and 3, again relative to the strongest band observed in each film
orlientation, the M polarization component, are given in Tables 11,
ITI, and 1V, respectively.

The results obtained on the bulk samples are in good agreement
with those calculated for complete disorder. The values for the
Y, VH and VV components relative to HH are calculated to be 0.13,
in the limit a >> b (i;gf with b (uzz) set to zero), and they are
observed to be 0.15:0.03, 0.16:0.03, and 0.11:0.03. These values,
averaging 0.14:0.03, are a bit higher than the other reported valuc
of 0.07 (13), which presumably also has an experimental error of
about :0.03. Together, these values confirm that the mode 1is highly
prlarized, and that if its % and y2 have the form given above for
a boroxol ring, b is in the rance O £ b < 0.15%a, or a >> b,

The results for the polarization ratios for the 8203(91) films
demcnstrate two main points. First, the units which vibrate at
808—cm-l are not randomly arrayed; they are ordered to a significant

degree. Second, the ordering of these units is approximately as §

calculated for boroxol rings; that is, flat molecular units parallel to
the surface of the film., Although these conclusions will be

qualified in detail, by noting that preferential ordering does not

require that all boroxol rings be exactly parallel to the surface,

as the calculations have assumed, noting some optical effects not




15

considered so far, and comparing the detailed data with the calcu-
lated results, the data are essentially those predicted for
nriented boroxol rings.

The comparisons of calculated and experimental results that
lead to the main conclusions are these. The film data are very
different from those for bulk B203(gl). For the bulk 8203(91), {
al! components other than HH have relative intensities of only (14:0,03. '
However, as shown in Tables II, 111, and 1V, for the films one
component other than HH becomes quite strong as the angle is varied.
Morecve:r, the one which does become strong, VV in Tilt 1, HV in
Tilt 2, and VH in Tilt 3, i1s the one calculated to gain intensity
upor. changing film orientation in the prescribed manner. 1In
addirtion, with two exceptions, all of those relative intensities
calculated to be zero in this idealization are 0.15*0.06. These
values may be taken to be effectively zero for the purpose of com-
paring calculated and observed ratios. Their difference from
zero results partly from the tact that not all of the units are

perfectly oriented, even though the degree of orientation is hiah,

and from some optical effects discussed below.
The two relative intensities which shculd also be small, but

are not, are: first, those for which the HH component derives

exclusively from the polarizability element b, ¢ = 90° in Tilt 2
and f = 90O in Tilt 3, and second the VH/HH ratio at ¢ = 450 in Tilt
2. For the former ones, where HH is given by bz, it is important

to note that since a >> b, the HH component is very weak and all of

Y - . . it ok i
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the other components are even weaker. Taking b = 0.05a as a
reasonable estimate from the bulk data, the HH band for these
orientations 1is expected to be only 2.&'»:10'-3 as intense as it 1is
at the other extreme ?ngle in each relevant Tilt. This means that
the ratios at issue are, relatively, 0/0.0025, and experimertal
noise is a significant factor since each of them is the result ot
dividing two very weak bands. As discussed below, the observed 1
values can be accounted for completely in a more straightforward
way. If there is an alignment error of about 30, the expected
values for the ratios are not zero, but about 0.8. Alignment errors
of 1-4° are sufficient to account for all of these observations
and are reasonable estimates of the experimental uncertainty.
More relevant than the errors that show up as a result of the HH
elements becoming small in those cases is the very fact that they
do become very small, since these HH components are calculated
to arise only from the element b2, which is small,

While inspection of Tables TI, TII, and IV shows that the types
of effects predicted by the model are observed, this may be
ciearer from the plots of the calculated and observed data in
Fig. 7. There it 1is seen that the VV/HH ratios go through a
maximum as ¢ is varied, while the VH/HH and HV/HH ratios do not

vary.
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DISCUSSION

The pre mise of this work was the {ollewing. If boroxol rings
exist and have their postulated properties, then they should orient
preierentially in a film tormed under tensile stress. And, if they
dc exist with these properties and orient, the polarization dependence
uf a band in the Raman spectrum due to the ring-unit should have
a predictable film-orientation dependence. For the ideal case in
which all boroxol rings are oriented parallel to the film's
surface, the predicted dependence, detailed above and in the accom-
panving tables and appendices, is that in each "tilt" two of the
intensity ratios should be non-zero at some varied angle, while
the other ratios should be zero at all angles. The two non-zero

ratios are HH/HH and VV/il in Tilt 1, HH/HH and HV/HH in Tilt 2,

ard HI/HH and VH/HH in Tilt 3. Experimental observations of this
sort clearly would be consistent with the presence of boroxol rings.
What such €indings would prove, though, is that a unit with a

vibraticnal mode at the frequency of observation (808—cm-1) exists

and 1s orientable by the application of a tensile stress, that it
has at least one unique symmetry axis alony which the polarizability

element 1s different from that alcng the other two principal axes,

and that the scattering of reatest intensity results from
polarizability along the other two principal axes, which are
preferentially parallel to the surface of{ the film.

The main experimental finding in this study is that the
predicted pattern of intensity ratios i1s observed. This 1is
clearest in the data for Vilts 1 and 3. However, the complete

analysis of the results and the experiments themselves requires some
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rather involved considerations, which take into account optical
effects, the reality of less-than-ideal orientation, and
experimental error.

There are several sources of experimental error, including noise
and uncertainties in orientation. As mentioned earlier, noise may
be important in those cases (¢ = 90° in Tilt 2, * = 90° in Tilt 3)
where the ratic of two extremely weak bands is calculated. Uncer-
tainties in f{ilm orientation result partly from the difficulty in
precisely aligning and handling ca 20u-thick films of hygroscopic
material, and partly from the lack of perfect flatness of the films.
While considerable care was taken and the spectra were reproduced
a number of times, the angles are known imprecisely. This has
several ramitications, but the most important is that the zero-valued
intensity ratios can take non-zero values - up to 0.06 in cases where
HH 1s strong, and much higher where the HH intensity is ideally

Y

propcrtional to b“. For example in Tilt 1 if 8 = 90° and ¢ = 10°

90O and ¢ = OO, the ratio HV/HH becomes 0.03 instead

i

instead of -
 f zero and 1is somewhat closer to the observed value of 0.13:0.05.
The net effect of several small angular errors plus some scattering
fron unaligned units explains the fact that many of the ratios
ca.culated tc¢ be zero are, in fact, observed to be on the order of
C.1l. In those special cases noted above (¢ = 90° in Tilt 2, and

o= 900

in T1lt 3) where ideally zero valued ratios are quite
large, angular uncertainty is particularly important. In them,
changing the angles by only 1-4° takes the zero valued ratios to

the N.56-0.95 observed, so it is not unreasonable to ignore their

b g A
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difference from zero in comparing the observed data to those computed
for the ideal case.

There are several optical effects of potential signiticance
in these experiments. At incident angles other than normal to the
entrance surtace, refraction occurs. This changes the angle of
incidence betitween the light and sub-surface units and, in the process,
its direction of incident light polarization. These effects are
discussed in Appendix ITI, in which an approximation to the effect
ot changing the incident angle is treated. The effect of changing
the direction of light polarization is to change the form of the
polarizability tensor because the E vector projection on the
mclecular coordinate system is changed. However, derivation of the

new tensor shows that the new terms are nearly offsetting 1in their

effect on the intensity ratios. Another effect is that certain
scattered light rays in certain orientations attempt to exit at
the critical angle, OC, relative to the surface. As they cannot,

they are "light piped”. While this can affect absolute intensities,

it does not have a signiticant impact on any of the intensity
raticos. Finally, polarization-selective reflection, especially
near Brewster's angle, can be important in this sort of experiment.
There is one case where it may be significant here; VV/HH at

-~ 30Y 1n Tilt 1, in which the HH intensity may be made lower
while the VvV is unaffected. This may explain why VV/HH is higher
for o= 30° than for A = 60° in Tilt 1. COverall, the optical

effects considered here do not invalidate the conclusion that the

valculated trends are observed.

Finally, the Jdegree of molecular orientation in the f{ilm samples
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may be censidered. In light of the sources of error and the
conflexity of the analysis and phenomena, it is not feasible to
compute the degree of order with certainty. The best estimate can

be made by using the measurements at Tilt 3,€ = 450, VH/HH, and

Tilt 2, @ = 450, HV/HH, since both components of each ratio are

reasonably strong bands. For each ratio, I, ./I

i3/ Tune both I.lj

and IHH are sums of contributions from the Nl oriented and the N2
random population oscillators. The forms of the contributions to
the total intensity in each orientation from ordered units and
from a random population of oscillators are known. From them

and the ratios a quite high degree of orientation is found for
those units responsible for the scattering. Given this and the
fact that the refractive effects do not appear to be overriding,

it is reasonable to suppose that many of these centers are near

th+ surface.

Y
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Conclusion

The orientation Jdependence of the polarization dependence
of the Ramuan spectral band at 808—cm—l of thin 8203(ql) films,
rormed under tensile stress, 1s consistent with the existence
¢f oriented boroxol rings. Since this band also appears in the

melts and bulk glasses, these duta support the

2 spectra ot B,C,

conclusion that boroxol rings exist in 8203(91).
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TABLE I

Calculated and Observed Raman Intensities of the 808 cm_1 Band of

Bulk BNO3(91) for the Various Scattering Configurations Relative
<

to the Intensity of the Band for the HH Configuration

|y HV VH _ vV
}
cale. 1.0 0.13 0.13 0.13
obs . 1.0 0.15-0.03 0.1640.03 0.11:0.03

ap
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TABLE IT

Calculated and Observed Lkamar Intensity Ratios for B Oz(ql) Films

2

in Tilt 1 ¢: = oY)

[TH HV VH v
1 2z
clement( ) a J 0 0
50" cale ratio*) 1.0 0 0 0
Oobs.ratio 1.0 0.13+.05 0.13:.05 0.16'.07
: _ 2 2
g clement a 0 0 3(a-b) " /16
: 60" calc ratio 1.0 0 0 3(a-b) %/16a’
obs. ratic 1.0 0.13:.05 0.15¢ .06 330,06
2 7 2
. eiement a 0 0 (a=b)“ /a4
gt 15° cale ratio 1.0 0 0 (g—b)ﬁ/qaz
¥ obs. ratio 1.0 0.15°.03 0.16*.03 0.56:.06%
! 2 2
& clement a 0 0 3(a-b) ",/ 1¢
: 30Y cale ratic 1.0 0 0 3(a-b)2/16a°
obs. Tatio 1.0 0.14:.05 0.16¢.05 .44:.063)
2
element a 0 0 0
<9 ale ratic 1.0 0 0 0
os., ratio 1.0 0.11-.03 0.13+£.03 0.2+.07
N (1) ¥lement eans the relevant element in the dsz tensor (Appendix 1)

{2y Aall calculated values are based on the assumption that the angle
o ot incidence of the light with the film is the same as that with
completely aligned boroxol rings (see text). The ratios are with
respect to the HH intensity.

< (i) Although measured values fell in a narrower range than specaified

e

in these cases, these limits were assigned after consideration of

- the observed ranges in all cases.
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TABLE III
Calculated and Observed Raman Intensity Ratios for 8203(ql) Films
in Tilt 2 (8 = 90°)
v tHHH HV VH AYAY
element(l) a2 0 0 0
07 calc ratio 1.0 0 0 0
chs, ratice 1.0 0.13*.05 0.13:.05 0.16+.07
o 4 o . 2 2
olement (3a+b) " /16 3(a-b) /16 0 0
50° calc ratio 1.0 3(a-b) 2/ (3a+b)? 0 0
2, 2
element (a+b) ™ /4 (a=-b) /4 0 0
o) . V2 2
45 calc ratic 1.0 {a-k) "/ (a+b) 0 0
obs. ratio 1.0 0.81:0.14 0.61-.14 0.2:0.1
2 2
element (a+3b) /16 3(a-b) " /16 0 0
60° calc ratio 1.0 2(a-b) %/ (a+3b)? 0 0
2
clement b 0 0 0
a0® caic ratio 1.0 0 0 0
obs. ratio 1.0 0.56:%(3) 0.96:+*3) g ggia(3)
(1) See foornote (1), Table I1I
(2) See footnote (2), Table 1T
(3) Jece text
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Calculated and Observed Raman Intensity Ratios for 8203(91) Film

27

TABLE IV

in Tilt 3 (¢ = 90°)
< HH HV VH vv
elemunt(l) a2 0 0 0
OO Jalc ratlc(z) 1.0 0 0 0
obs. ratic 1.0 0.11+.03 0.13+.03 0.2+.08
2 2
element (3a+b) /16 0 3(a=b) " /16 0
30° calc ratic 1.0 0 3(a-b) 2/ (3a+b) 2 0
) 2 2
element {a+b) /4 0 (a-b)~/4 0
45° calc ratio 1.0 0 (a-b) %/ (a+b) ? 0
obs. ratio 1.0 0.15+.08 0.79:0.10 0.18+.05
element (a+3b)%/16 0 3(a-b)%/16 0
60 calc ratio 1.0 0 3(a-b)2/(a+3b)2 0
; 2
element b 0 0 0
90° calc ratio 1.0 0 0 0
obs. ratio 1.0 0.56:% (3 g ggux(3) 0.68:x(3)
(1) See footnote (1), Table II
(2) See footnote (2), Table 11
(3) See text.




28

Appendix I

Sgquares of the Llements of the Polarizability Tensor b0 in Terms

of the Molecular Coordinates

The polari:ability tensor in laboratory coordinates is u and

PQ’
the squares of its elements, which are proportional to the experi-

. . 2
riental Raman intensities, are elements of the tensor « where:

pQ’

i 3 k
u;Q =11 m n
o © P g
and,
i = [a(sin2®+c052@coszb) + b coszcsinzb]2
m = [a(cosz¢+sin2¢c0529) + b sin2¢sin28]2
g = (a sin26 + b coszf‘)2
j = 1= (a-b)zsin2¢coszésin2€
k = o = (a—b)2cosz¢sin28cos2ﬁ
n=ps= (a—b)zsinZQSinzecoszﬁ

-
e -y e e - .
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Appendix II

The Polarizabili*y Tensors for the Three Experimental Film Sample

Orientations

The experimental Raman intensities are proportional to the

squarcs of the clements of the tensor o, As given in Appendix I,

PQ°
9]
these squares are c¢lements of the tensor u;Q, where
i 3 ok
2 _
YPQ = l1 m n
O F q

For the three experimental arrangements, or 7Tilts, studied in this

2
work, the elements of o are:

PC
. o)
Tilt 1 (¢ = G7)
2 2
i o= (a cos o+ b osinT )
)
m N
¢ (a sin’ v bhocos T
A ‘) b
k o (1= ) Tnin coy
X 1 = n = =0
' t \ SN )
. o) ~
- 2 .2
1 (a sin"p + b cos )

(a cosz¢ + b sin2~:»)2

m =
q = b’
j =1 = (a—b)zsin2¢cosz¢
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Appendix II - page 2

Tilt 3 (¢ = 90°)

1= a2

m = (a cos?6 + b sin°0)°

(a sin28 + b cosze)2

fLe]
I

(a—b)zsinzecosze

n=p
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APPENDIX III

It is possible to describe the optical effects in these
experiments more completely by including internal reflections,
pclarization-selective reflection, and refraction. Although
each can contribute, and certain of the "light-piping" effects
may be significant in determining absolute intensities in
certain orientations, the most important effect to consider
is refraction. Refraction of the incident ray makes the angle
of incidence of the light relative to aligned scattering centers
different from that relative to the entrance surface. This

alters the functional dependence of the experimental scatter-

ed intensities on the various polarizability components.

From an analysis of this functional dependence, it is
clear that a reasonable approximation to the overall refrac-
tion effect is to consider only the change in incident angle
with respect to the scattering centers. That is because the
effects of changing the functicnal forms of the polarizability
tensor elements nearly offset one another. A simple cal-
culation can be done within this approximation if it is assumed
that trhe experimental scattering geometry, the angle between the
refracted incident and scattered light, remains at 900, and that
refraction does not materially affect the collected fraction of
scattered light. This is equivalent to the case of a rotated film
with no refraction.

The "new"” tilt angle, that incident on a scattering center
within the sample, can be calculated using Snell's law and the
bulk refractive index of 8203 glass, n = 1.48., The effect of

these changes on the calculated relative intensities (a>>b) is
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shown below for Tilt 1. Here, calc' refers to values calculated
by 1including refraction-caused changes in the tilt angle, and

calc refers to the relative intensities at nominal experimental

angles.

Tilt 1 Nominal ¢ HH /HH HV/HH VH/HH VV/HH
calc 30 1.0 0 0 0
calc' 1.0 0 0 0
calc 60 1.0 e 0 0.19
calc' 1.0 0 0 0.10
calc 45 1.0 ¢ 0 0.25
calc' 1.0 0 0 0.18
calc 30 1.0 0 0 0.19
calc' 1.0 0 0 0.23
calc 0 1.0 0 0 0
calc’ 1.0 0 0 0

As can be seen, the refraction-effects are predicted to be
significant, but they alter only the relative intensity values of
the non-zero components shown (VV/HH). The zero-valued components
remain zero. Thus, conclusions based on the observation of the
trends (e.g. the dependence on VV/HH only in Tilt 1) are not affected
by this aspect of refraction. Moreover, the predicted effect of
refraction was not observed in these experiments; rather the data
followed the more idealized calculations. This may mean that most
of the scattering centers involved in these measurements were at

or rear the surface.

et i




Figure 1.

Figure <Z.

Figure 3.

Figure 4.

Figure 5.
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Figure Captions

Representation of the boroxol (B ring structure.

203
The three extra-annular oxygens are bound to trigonal
planar B atoms and are the only atoms bound to the
ring. The dotted lines from these oxygens to the
rest of the network are drawn to emphasize that the
extra-annular dihedral angles and those angles with
vertices at those oxygens are not defined by the
nodel.

Pefinitions of the three-coordinate systems, as noted
on the figure.

Experimental arrangement for Raman scattering. Two

o

film orientations are shown: (a) Tilt 1, © = 457;

900. Figure (b) also corresponds to

1l

{b) Tilt 2, ¢
Tilt 3, 8 = 90°,

Definitions and representations of the orientations
of 8203 films in the three "Tilts". 1In Tilt 1 (a)

% varies in the ZX plane; in Tilt 2 (b) ¢ varies in
the XY plane; and, in Tilt 3 (c) © varies in the 2
plane.

Plots of the calculated intensity in the non-zero
orientation relative to that in the HH orientation,
i/HH, versus tilt angle for the case a >> b. Plot (a)
is for Tilt 1, tilt angle is 9, and i/HH is VV/HH.
Plot (b) applies to Tilt 2, tilt angle ¢, and Tilt

3, tilt angle ¢, and represents HV/HH in Tilt 2 and

VH in Tilt 3.




Figure 6.

Figure 7.

Sample geometry and the directions of the
incicdent and scattered (collected) light in
laboratory coordinates. Here, (a) is the
bulk (cloven block) sample, and (b) shown

the sample mounting used for Tilt 1, 0%0<90°.

Comparison of the calculated and observed
dependence of relative intensity on tilt

angle (C¢) for Tilt 1. The upper graph refers
to the VV/HH ratio, while the lower one applies

to the HV/HH and VH/HH ratios.
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COORDINATE DEFINITIONS
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